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Abstract 

A significant enhancement of both liquefaction yields and desirable products from two lignites 
has been achieved by incorporating iron in the lignites by an ion-exchange process. At 5-8% iron 
content, total conversions approached 88% and oil yields were about 45% compared to 62% total 
conversion and 33% oil yield for the raw coal. The effect of catalyst loading on cation- 
exchanged lignites was studied to determine the concenwtion that results in the optimum oil 
yield. "Fe Mossbauer and XAFS spectroscopies were used to characterize the catalyst smcture 
and size disbibution in the iron cation-exchanged lignites before and after liquefaction. The 
results indicate that the added iron is initially present in bimodal form, with most present as 
highly dispersed goethite (a-FeOOH) particles, 50-1008, in diameter, but with a significant 
fraction (about 30%) of the iron in particles less than 30A in diameter, which may represent 
molecularly dispersed ferric ions 'at the ion-exchange (carboxyl) sites. With sufficient sulfur 
present in the system, the iron is rapidly transformed to pyrrhotite (Fe,.,S) during liquefaction. 

Introduction 

A number of studies'.3 have been conducted on the activity of various iron-based catalysts during 
liquefaction of coals of different rank. Recent research4 has shown that sulfated iron catalysts 
can significantly enhance the conversion yield of high-rank coals. However. for lower rank coals, 
the improvement in conversion yield through the addition of similar sulfated catalysts has not yet 
been achieved. The oxygen contents of low-rank coals such as lignites are significantly higher 
than those of high-rank coals, and as a result, oil yields from liquefaction of low-rank coals tend 
to be low due to CO, formation. A considerable portion of this oxygen derives from carboxyl 
groups and other oxygen functional groups. In low-rank coals, most of the exchangeable cations 
are associated with carboxyl groups, and a number of s tudieP have shown that the behavior of 
lignites in coal conversion processes is greatly affected by the amount and type of exchangeable 
cations present. 

The results of this study indicate that iron ion-exchanged into the low-rank coals constitutes a 
catalyst in a state of dispersion ranging from molecular ions to particles a few nanometers in 
diameter. Superparamagnetic modeling of Mossbauer spectra' indicates that the iron particle size 
in a high-iron loaded lignite has a bimodal character, with the majority of the particle sizes 
ran ing from 50 to 1 l5A in goethite form, but with a significant fraction (about 30%) less than 
301, which may derive from ferric cations in ion-exchange sites bound to the oxygen anions of 
carboxyl groups. The direct coal liquefaction (DCL) total conversion and oil yields of the iron 
ion-exchanged Beulah and Hagel lignites used in this work were enhanced significantly compared 
to the raw lignites. 
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Experimental 

The two lignites used in this study are Beulah (obtained from Dept. of Energy Coal Sample, 
DECS-11) and Hagel (obtained from Pen. State Office of Coal, PSOC-1482) from the Fort Union 
region in North Dakota. The original iron contents of these lignites are less than 0.5 percent. 
The ion-exchange experiments were carried out in a 10 liter fermenter using a freshly made 
O.05M aqueous solution of ferric acetate at a controlled pH of about 2.8 and a constant 
temperature of 60°C. The iron contents of the Beulah and Hagel lignites after the ion-exchange 
process were 7.8% and 5.33%. respectively. The efficiency of lower loadings (-1 wt%) of iron 
in the ion-exchanged lignites during liquefaction was also investigated. 

Liquefaction Experiments: 

Two sets of coal liquefaction experiments were conducted. The first set of experiments was 
carried out with tubing bombs in a fluidized sand bath. This set of experiments was designed 
to investigate the effect of iron catalysts on the total yield and product distribution in the 
liquefaction process. The tubing reactor was first charged with a slurry mixture of lignite and 
tetralin in a 1:2 ratio in the presence of dimethyl disulfide (DMDS) as a sulfur donor, and 
pressurized to 800 psi (cold) with hydrogen. Control liquefaction experiments, using slurry 
mixtures of the same lignite samples with a 30A iron oxide and with no catalyst, were run under 
the same conditions to compare the catalytic effects of an ultrafine particle iron oxide with those 
obtained for the ion-exchange catalyst. The products were separated into THF insoluble organic 
materials (IOM), THF soluble, toluene insoluble (preasphaltene), toluene soluble, pentane 
insoluble (asphaltene), and pentane soluble (oil and gas) fractions. The soluble product 
percentage yields were calculated on a dry, ash-free (daf) basis as follows: 

Percentage soluble products = total x 100 
daf lignite 

Pentane solubles were determined by subtracting the sum of asphaltenes, preasphaltenes and the 
IOM residue from the weight of the starting lignite. The results were reproducible within f2%. 

The second set of experiments was designed to generate larger samples for the detailed 
characterization of the chemical structure and reactions of the added iron. The apparatus used 
to prepare the samples for these experiments was an one liter autoclave. This autoclave was 
connected at the top to a vessel for holding the sample prior to heating. At the bottom, four 
nitrogen-purged sampling lines were attached to the outlet valve of the autoclave to collect the 
liquefaction products directly from the autoclave without exposure to air. Liquefaction 
experiments in the autoclave were performed at 385°C and 400°C under 1500 psi of hydrogen 
pressure (cold) in the presence of excess tetralin (tetra1in:coal 3:l) and dimethyl disulfide 
(DMDS) as a sulfur donating species. 
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Mossbauer and XAFS Spectroscopies: 

P 

Mossbauer spectra for the as-received, demineralized, and ion-exchanged lignite samples were 
obtained using a conventional constant-acceleration-type Mossbauer spectrometer*. The samples 
were run at several temperatures to deteimine the size distribution. Calculation of the particle 
size distribution is described in detail elsewhere'. XAFS measurements were performed at beam 
line X-19A at the National Synchrotron Light Source in  Brookhaven National Laboratory. Iron 
K-edge XAFS spectra of the samples were obtained in transmission mode using a Si(ll1) double 
crystal monochromator. 

Results and Discussion 

The effect of iron concentration on liquefaction yields of Beulah and Hagel coal is shown in 
Figure 1. It can be seen that the asphaltene and oil conversion yields increased significantly for 
both ion-exchanged lignites compared to the raw coals. The preasphaltene yields, however, tend 
to decrease as a result of catalyst addition to the lignite. We have also compared the results 
obtained using a physically added 30A iron oxyhydroxide catalyst to those obtained using cation- 
exchanged iron at approximately the same concentrations. The 30A iron oxyhydroxide catalyst 
was provided by Mach I Inc., and its interesting structural properties are discussed in several 
forthcoming  publication^^^^^. It is evident from Figure 1 that the ion-exchanged iron is a more 
active catalyst than the 30A iron oxide. 

Mossbauer and XAFS spectroscopies were used to characterize the structure of the cation- 
exchanged iron both before and after DCL. The characterization of iron-based DCL catalysts by 
Mossbauer and XAFS spectroscopies has been discussed in detail elsewhere". The Mossbauer 
spectra of the Beulah and Hagel lignites containing cation-exchanged iron are shown in Figures 
2 and 3, respectively. The spectra are fit with one or several magnetic components and 
quadrupole doublets (peak positions denoted by bar diagrams), and a superparamagnetic 
relaxation component (dashed curve). As discussed by Ganguly et ai.', at a given temperature, 
particles with diameter less than some critical value will give rise to a quadrupole doublet, 
particles with a diameter greater than some larger critical value will exhibit a six-peak magnetic 
hyperfine spectrum, and particles with diameters between these two values will give rise to 
superparamagnetic spectra. Approximate size distributions can be determined by measuring the 
percentages of these three components as a function of temperature and the size distribution 
determined in this manner for the cation-exchanged Hagel lignite with 5.33% Fe is shown in 
Figure 4. It is seen that the size distribution is bimodal, with approximately 70% of the particles 
in the 50-100A size range, and 30% having diameters less than 30A. Much of the iron in the 
latter size category may in fact be ferric iron that is molecularly dispersed and bonded to oxygen 
anions of the carboxyl groups in the lignite, whereas, the larger particles result from hydrolysis 
of either iron acetate or ion-exchanged iron to form goethite. The low-iron cation-exchanged 
coals exhibit similar Mossbauer spectra, but a detailed study of the temperature dependence of 
the supelparamagnetic relaxation spectra has not yet been completed. Nevertheless, it is evident 
that most of the iron in these samples is contained in iron oxyhydroxide particles less than lOOA 
in diameter, q d  a significant percentage of the iron is present in the less than 30A diameter size 
category. 
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Both the x-ray absorption near edge structure (XANES) and the radial structure function (RSF) 
derived from the iron K-edge XAFS spectra of the iron loaded lignites exhibit significant size 
related effects. Typical results are shown in Figure 5. The XANES of the Hagel lignite sample 
is compared to that of bulk goethite in Figure Sa, while the corresponding RSF are compared in 
Figure 5b. It is seen that the XANES of the iron loaded Hagel lignite sample and goethite are 
quite similar, with the exception of an increase i n  the intensity of the small pre-edge peak. This 
occurs because the surface iron atoms of ultrafine ferric oxide particles are no longer in 
centrosymmetric octahedral coordination, but in reduced coordination number sites, which cause 
the intensity of the pre-edge (1s + 3d) transition to increase. The RSF of the Hagel lignite 
sample and goethite exhibit similar peaks, but the peaks corresponding to the iron shell are 
decreased in amplitude for the iron in the lignite, consistent with a small particle size". 

Further studies are in progress (i) to determine the structure and size distribution of the cation- 
exchanged iron as a function of concentration, both before and after liquefaction, (ii) to 
investigate the use of the cation-exchange process for preparation of small particle metal oxides 
containing Mo, Co, Al, Ni, etc., and (iii) to evaluate the potential of these ion-exchange catalysts 
for lignite liquefaction. 
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Figure 1. Comparison of liquefaction product yeild for Beulah and Hagel lignites 

153 

I 



154 



I' 

0 

155 

I 



OPTIONS FOR IRON-CATALYZED LIQUEFACTION OF LOW-RANK COALS 

Edwin S. Olson, Candace M. Buchwitz, and Mary Yagelowich 
Universal Fuel Development Associates, Inc. 

Grand Forks, ND 58201 

Ramesh K. Sharma 
University of North Dakota Energy and Environmental Research Center 

Grand Forks, North Dakota 58202 

Key Words: Coal 1 iquefaction, iron catalysts, ion exchange 

ABSTRACT 

Liquefaction of low-rank coals is impeded by the mineral content of the 
coal. 
in the process equipment, but they also disrupt the functioning of the 
catalyst by blocking pores, deactivating sites, or causing sintering or 
aggregation. A series of liquefaction tests was performed that compared 
ion-exchanged Wyodak coal with the as-received coal. The catalysts were 
impregnated iron or iron dispersed on acidic supports. 
to heptane solubles were obtained with iron impregnated (PETC method) into 
acid-washed Wyodak. Alternatively, solubilization of as-received Wyodak 
with CO/water (uncatalyzed) gave an ash-free intermediate that produced high 
conversions to heptane-soluble product in the subsequent catalyzed 
liquefaction reaction. 

Inorganic constituents such as calcium are a major factor in deposits 

Highest conversions 

INTRODUCTION 

The high calcium content of low-rank coals has been recognized for 
some time as a potential problem in processing these coals to useful 
products. Operational difficulties were experienced at the Wilsonville 
Advanced Coal Liquefaction Research and Development Facility during the runs 
with Black Thunder (Wyoming) subbituminous coal due to substantial sol ids 
deposition (1). These deposits contained large amounts of calcium 
carbonate. In batch and continuous unit tests conducted at PETC (2), 
dispersed iron catalysts prepared by the PETC method exhibited poorer 
activities with subbituminous coals than previously obtained with bituminous 
coals. 
dispersed catalyst particles during tests with Black Thunder coal. Joseph 
and Forrai (4) examined the adverse effects of exchangeable cations (Na, K, 
Ca) on liquefaction of low-rank coals by ion-exchanging additional ions into 
the coals. 
deposits can rapidly deactivate the catalyst by blocking pores and active 
sites in the fine particles or could cause the particles to aggregate. Loss 
of catalytic activity for the activation of hydrogen then leads to 
condensation and retrograde reactions that form carbonaceous deposits and 
low oil yields. 

possible solution. 
noncatalytic thermal 1 iquefaction of acid-washed lignite gave lower 

Swanson (3) recently reported that deposits of calcium coated the 

The evidence cited in these reports implies that calcium 

Replacement of the alkaline earth cations with hydrogen ions is a 
However, previous studies at EERC (5) demonstrated that 
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conversions than the as-received coals. The lower y i e l d s  were a t t r i b u t e d  t o  
condensation react ions catalyzed by the h i g h l y  a c i d i c  c lays  generated dur ing 
the exchange process. 
methanolic HC1 were examined (6). This pretreatment s i g n i f i c a n t l y  increased 
the conversion t o  THF-solubles i n  noncata ly t ic  react ions.  
increase i n  conversion t o  o i l s  f o r  ammonium-exchanged l i g n i t e  (4 )  a l so  
demonstrates the p o t e n t i a l  f o r  metal ca t i on  removal but  may no t  be feas ib le  
f o r  c a t a l y t i c  processing because o f  re lease o f  t he  ammonia. 
acid-exchanged and o the r  demineralized 1 ow-rank coal ma te r ia l s  i n  
l i q u e f a c t i o n  w i t h  var ious types o f  dispersed ca ta l ys ts  requi res extensive 
i nves t i ga t i on  and e l  u c i  d a t i  on. 

This paper repo r t s  our i nves t i ga t i ons  on the c a t a l y t i c  l i q u e f a c t i o n  o f  
low-rank coal t h a t  was pret reated by i o n  exchange w i t h  aqueous ac id  and by 
thermal s o l u b i l i z a t i o n  t o  a minera l - f ree product. 
ion-exchanged Wyodak subbituminous coal ( I E W )  was conducted t o  determine the 
ef fect iveness o f  various dispersed i r o n  ca ta l ys ts  wi thout  the compl icat ions 
o f  the exchangeable c a t i o n i c  components. A second ob jec t i ve  was t o  examine 
an a1 te rna t i ve  l i q u e f a c t i o n  scheme t h a t  produces minera l - f ree low-sever i ty  
intermediate i n  a nonca ta l y t i c  thermal pretreatment stage, t h a t  i s  
subsequently l i q u e f i e d  w i t h  various dispersed i r o n  ca ta l ys ts  i n  hydrogen. 

Recently the conversions o f  coals  washed w i t h  

The s i g n i f i c a n t  

The behavior o f  

A se r ies  o f  t e s t s  w i t h  

EXPERIMENTAL 9 

Preparation o f  Ion-Exchanged Coals 

100 m l  IN n i t r i c  ac id  f o r  one hour a t  ambient temperature. 
coal was separated by cen t r i f uga t ion  and washing w i t h  water. 

Coal L iquefact ion 

using several d i f f e r e n t  techniques p r i o r  t o  l i que fac t i on .  
(7) was used f o r  both ARW and IEW. Procedures reported by Z i o l o  and 
coworkers (9) were modi f ied t o  prepare Fe,O, dispersed on the coals. 
s l u r r y  cons is t i ng  o f  7.0 g o f  ARW coal o r  product coal obtained from 
pretreatment o f  7.0 g ARW, 10 wt%cof c a t a l y s t  ( i f  required), 0.1 g o f  
elemental s u l f u r ,  and 14 g o f  t e t r a l i n  (so lvent)  were placed i n  a 70-mL Parr 
reactor .  The reac to r  was evacuated and charged w i th  1000 p s i  ( i n i t i a l )  of 
hydrogen gas. The reac to r  was heated t o  425°C i n  a rock ing autoclave 
( i n i t i a l  heatup t ime = 15 minutes) and l e f t  a t  t h i s  temperature f o r  60 
minutes. A t  t he  end o f  the reaction, the reactor  was cooled t o  room 
temperature, and the  gases were removed. The product s l u r r y  was ext racted 
w i t h  te t rahydrofuran (THF) . The THF-insoluble product was d r i e d  under 
vacuum and weighed. A 4 m l  a l i q u o t  o f  the THF-soluble was mixed w i t h  one m l  
so lu t i on  of i n t e r n a l  standard (a mixture o f  2,2,4-trimethylpentane and n- 
octadecane i n  dichloromethane) and analyzed by GC. The remainimg THF- 
solubles were evaporated t o  remove THF, and the  dark o i l  was added t o  a 
l a r g e  excess of heptane and s t i r r e d .  The heptane-insoluble product was 
separated by cen t r i f uga t ion ,  washed w i t h  heptane, d r i e d  i n  vacuo a t  50°C and 
weighed. The percent conversion was ca lcu lated on the  bas is  o f  the coal 
(maf) t h a t  d i d  no t  appear i n  the THF-insoluble f r a c t i o n .  
y i e l d s  were obtained by d i f f e rence  (100% - %THF-insolubles - %heptane- 
inso lub les) .  

Acid-washed Wyodak ( IEW) coal was prepared by s t i r r i n g  7 g o f  ARW i n  
The ac id- t reated 

As-received Wyodak-Clovis Point  (ARW) and IEW coals  were pret reated 
The PETC-method 

A 

Heptane-soluble 
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RESULTS AND DISCUSSION 

Wyodak subbituminous coal was t rea ted  w i t h  n i t r i c  ac id  t o  remove by 
ion-exchange the  metal cat ions bound t o  the coal  matr ix .  I n i t i a l  thermal 
(noncata ly t ic )  t e s t s  were c a r r i e d  out  t o  prov ide a bas is  f o r  comparison w i t h  
the  c a t a l y t i c  t e s t s .  
i n  a rock ing microtube reac to r  f o r  1 h r  a t  425 "C w i t h  1000 p s i  ( co ld  
pressure) o f  hydrogen. The 
thermal reac t i on  of as-received Wyodak coal (ARW) gave a very h igh  
conversion .(89%) t o  THF-soluble products. These data are consis tent  w i t h  
e a r l i e r  r e s u l t s  for  low-rank coals  i n  thermal (noncata ly t ic )  reac t i ons  i n  
hydrogen o r  carbon monoxide ( 5 ) .  
i n  the nonca ta l y t i c  react ions.  
lower than t h a t  f o r  t he  ARW coal on a maf bas is .  The lower conversion i s  
also consis tent  w i t h  e a r l i e r  work w i t h  low-rank coals t h a t  demonstrated t h a t  
acid-washing lowers the  conversion. 
generation of h i g h l y  ac id i c  s i t e s  on c l a y  minerals i n  the  coal t h a t  cata lyze 
carbonium i o n  react ions t h a t  o f t e n  r e s u l t  i n  condensations t o  h igher  
molecular weight and less  so lub le  products. 
products formed i n  the  two thermal react ions were s i m i l a r  (48%). The 
heptane-soluble y i e l d s  are obtained by d i f f e rence  (100% - %THF-I - %heptane- 
I) and inc lude major amounts o f  the gaseous products (CO,, H,O, etc.) i n  
add i t i on  t o  t h e  heptane-soluble a i l s .  

The ion-exchanged coal was then reacted i n  c a t a l y t i c  l i q u e f a c t i o n  
tes ts  w i t h  several dispersed i r o n  ca ta l ys ts ,  and these r e s u l t s  were compared 
w i t h  s im i la r  c a t a l y t i c  reac t i ons  c a r r i e d  out w i t h  the ARW i n  order  t o  
determine the e f f e c t  o f  the i no rgan ic  cat ions on the c a t a l y t i c  a c t i v i t y .  
The PETC method (7) f o r  impregnating i r o n  as the  i r o n  hyroxyoxide on the  
coal surface was u t i l i z e d  f o r  prepar ing the dispersed i r o n  c a t a l y s t  f o r  
l i q u e f a c t i o n  o f  both ARW and I E W  coals. 
ARW v ia  the PETC method resu l ted  i n  a conversion t o  THF solubles s i m i l a r  t o  
those found i n  the  thermal reac t i ons  (88%), bu t  the y i e l d  o f  heptane- 
so lub les was s u b s t a n t i a l l y  h ighe r  (52%). 
demonstrated p r i n c i p a l l y  i n  the  o i l  y i e l d .  Generation o f  i r o n  hydroxyoxide 
on the IEW s i g n i f i c a n t l y  improved the conversion THF-solubles as we l l  as 
heptane-solubles (56%). The s i g n i f i c a n t  increase i n  y i e l d s  f o r  the IEW can 
be a t t r i b u t e d  t o  less deac t i va t i on  o f  the c a t a l y s t  by t h e  inorganic  mat ter .  

A l t e r n a t i v e  methods f o r  generat ing dispersed i r o n  on the coal sur face 
were also examined. Previous work a t  Universal Fuel Development Associates, 
Inc. (8) demonstrated t h a t  clay-supported i r o n  ca ta l ys ts  w i t h  h igh  
concentrat ions o f  maghemite f i n e  p a r t i c l e s  were much more c a t a l y t i c a l l y  
act ive than those w i t h  hematite. Z i o l o  and coworkers (9) repor ted t h a t  
maghemite f i n e  p a r t i c l e s  can be generated on ion-exchange res ins  by reducing 
f e r r i c  ions w i t h  hydrazine and sodium hydroxide o r  by t r e a t i n g  fer rous ions 
w i t h  hydrogen peroxide and ammonium hydroxide. 
d isso lves humic acids from the low-rank coal, ammonium hydroxide was 
u t i l i z e d  instead o f  sodium hydroxide t o  prepare the maghemite f i n e  p a r t i c l e s  
on the coal surface. 
hydroxide t o  maximize maghemite format ion d i d  n o t  improve conversions f o r  
IEW, 92% t o  THF-solubles, 47% heptane-solubles. Likewise treatment with 
f e r r i c  n i t ra te /hyd raz ine  d i d  n o t  improve conversions, 91% THF-solubles, 46% 
heptane-solubles. 

These t e s t s  requ i red  heat ing t h e  c o a l / t e t r a l i n  s l u r r y  

Conversion and y i e l d  data are g iven i n  t a b l e  1. 

Carbon monoxide works as we l l  as hydrogen 
The conversion f o r  t he  (IEW) t e s t  (86%) was 

This e f f e c t  was a t t r i b u t e d  t o  the 

The amounts o f  heptane-soluble 

Addi t ion o f  i r o n  hydroxyoxide t o  

Thus the c a t a l y t i c  e f f e c t  i s  

Since sodium hydroxide 

Treatment o f  the coal w i t h  fer rous chloride/ammonium 

A reac t i on  c a r r i e d  out  w i t h  t h i s  same pret reated coal but  
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2 FeC1, + NH.OHt H,O,b 

Table 1 

Catalytic Liquefaction with Dispersed Iron 

Reaction Temp. = 425"C, Reaction Time = 1 hr, H, = 1000 Psi (cold) 

I 

t 

without addition of sulfur gave a similar conversion, indicating that the 
iron dispersed by this method is inherently inactive. 

Previous work in this project was concerned with the preparation of 
fine iron sulfide particles supported on an acidic clay, and a preliminary 
report of mixed iron/alumina-pillared montmorillonite catalysis was 
presented ( 8 ) .  Catalytic liquefaction reactions of ARW and IEW were 
performed in tetralin using conditions similar to those above. 
were carried out using 10 wt% o f  the clay catalysts (sulfided in situ using 
small amount of elemental sulfur) at 425°C for one hour in 1000 psi of 
initial hydrogen pressure. 
given in table 1. 

With the most active of the mixed ironlalumina-pillared clay catalysts 
in the presence of sulfur, the conversion of the ARW was 91% t o  THF-solubles 
with 53% heptane solubles. 
sulfidation o f  the oxyiron catalyst, the conversion was substantially less, 
87% to THF-solubles, with only 33% heptane-solubles. 
in oil yield is attributed to the presence of the highly acidic clay and 
absence of any good hydrogen activation capability. The reaction o f  IEW 
coal with the active sulfided clay catalyst gave a significantly higher 
conversion to THF solubles, and excellent conversion t o  heptane-solubles 

Reactions 

The reaction conditions and yields data are 

In the absence of sulfur required for 

This large reduction 

(54%). 
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Although s i g n i f i c a n t  improvements i n  o i l  y i e l d s  were obtained as  a 
r e s u l t  of pre t rea t ing  the Wyodak t o  remove metal ca t ions ,  the economics of 
an ion-exchange process and subsequent disposal of t h e  ac id ic  waste water 
may not compensate f o r  the  increase i n  conversion and operabi l i ty .  
a l te rna t ive  l iquefac t ion  process has been u t i l i z e d  f o r  many years  a t  the 
Energy and Environmental Research Laboratories. This processing involves a 
noncatalyt ic  thermal pretreatment under carbon monoxide atmosphere t o  break 
down t h e  cross- l inks i n  the  coal t o  g ive  a high molecular weight THF-soluble 
intermediate i n  95% yie ld .  Mineral mat ter  i s  conveniently removed from the  
coal so lu t ion .  This ca t ion- f ree  low-severity intermediate i s  then used i n  
c a t a l y t i c  l iquefac t ion  t e s t s  w i t h  hydrogen. 

Wyodak coal (LSW) were car r ied  out with dispersed i ron c a t a l y s t s .  
soluble  intermediate was obtained by thermal l iquefac t ion  in CO and was 
separated from heptane-soluble products and so lvent ( te t ra1  in)-derived 
mater ia ls  by solvent  (heptane) prec ip i ta t ion  t o  give the high molecular 
weight LSW intermediate f o r  these  t e s t s .  The LSW i s  a low-density so l id  a t  
ambient temperature, but  melts e a s i l y .  A thermal (noncatalyt ic)  react ion of 
the LSW i n  t e t r a l i n  a t  425 "C f o r 2  hr i n  1000 psi  hydrogen gave 15% 
conversion t o  heptane-solubles (Table 3) .  The conversions obtained f o r  t h e  
LSW subs t ra te  cannot be d i r e c t l y  compared with t h e  coal conversions above, 
because t h e  subs t ra tes  a r e  qui te  d i f f e r e n t .  The 15% value f o r  t h e  LSW 
subs t ra te  represents  a conversion of  preasphal tenes  and asphal tenes  t o  
heptane-soluble o i l s ,  whereas the 48 t o  54% yie lds  of heptane-solubles given 
above f o r  coal subs t ra tes  include both t h e  more e a s i l y  cleaved o i l  products 
as  well a s  the  gaseous products of l iquefac t ion ,  such as s i g n i f i c a n t  amounts 
of carbon dioxide and water. 

iron/alumina-pillared clay c a t a l y s t  ( i n  s i tu  su l f ided)  gave 30% conversion 
t o  heptane-solubles under the  same condi t ions.  The two-fold increase in 
conversion t o  o i l s  f o r  c a t a l y t i c  versus  thermal react ions w i t h  the LSW 
subs t ra te  t h u s  compares favorably with the increase of 6% (48 t o  54%) found 
i n  t h e  experiments w i t h  ion-exchanged coal described above. 

treatment by s t i r r i n g  the low-density so l id  LSW with f e r r i c  n i t r a t e  solut ion 
and adding ammonium hydroxide t o  generate  the surface-bound i ron 
hydroxyoxide. The conversion of t h i s  material under condi t ions ident ica l  t o  
those above with i n  s i tu  su l f ida t ion  gave 15% heptane-solubles, the  same a s  
the thermal reac t ion .  
forms in t h e  react ion with LSW i s  ab le  t o  a c t i v a t e  hydrogen, or  whether some 
a c i d i c  component i s  required a t  this s tage of l iquefac t ion .  This r e s u l t  may 
have very important implications f o r  se lec t ing  conditions and coals  f o r  
appl icat ion of the PETC method t o  low-rank coa ls .  

A var ia t ion  of  the PETC method was attempted t o  generate the dispersed 
i ron c a t a l y s t  on the LSW. Ethanol was used t o  obtain a co l lo ida l  dispers ion 
of t h e  LSW, which was then mixed with the f e r r i c  n i t r a t e  solut ion i n  ethanol 
and the  ammonium hydroxide. After  removal of the  ethanol ,  t h e  l iquefact ion 
was carr ied out in t e t r a l i n  under condi t ions s imi la r  t o  those used above. 
When the dispersed i ron obtained by t h i s  method was u t i l i z e d ,  a 28% y i e l d  of 
heptane-soluble o i l s  was obtained. I t  i s  now obvious t h a t  there  a re  
c r i t i c a l  in te rac t ions  between the i ron and the coal surface t h a t  need t o  be 

An 

Several reac t ions  of a mineral-free low-severity intermediate from 
A THF- 

The l iquefac t ion  react ion o f  t h e  LSW i n  t e t r a l i n  w i t h  the dispersed 

The LSW intermediate was a l s o  subjected t o  t h e  PETC i ron dispers ion 

I t  i s  not known ye t  whether the  iron su l f ide  t h a t  
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f u r the r  e luc idated and evaluated f o r  designing a v iab le  coal l i q u e f a c t i o n  
method. 

CONCLUSIONS 

I n  coal l i q u e f a c t i o n  react ions t h a t  u t i l i z e  dispersed i r o n  ca ta l ys ts ,  
the c a t a l y t i c  a c t i v i t y  was s i g n i f i c a n t l y  improved by ion-exchange o f  cat ions 
present i n  the low-rank coals  by aqueous acid-washing. Higher conversions 
t o  heptane-solubles were obtained w i t h  ion-exchanged Wyodak when dispersed 
i r o n  ca ta l ys t  was prepared by the PETC method. 
pretreatment a lso improved the a c t i v i t y  o f  the dispersed iron/alumina- 
p i l l a r e d  montmor i l lon i te  ca ta l ys t .  A thermal pretreatment was a l so  used t o  
e l iminate mineral matter, and the i ron/a lumina-p i l lared c l a y  and one o f  the 
dispersed i r o n  c a t a l y s t  preparations were c a t a l y t i c a l l y  ac t i ve .  

The ion-exchange 
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Table 2 

C a t a l y t i c  L iquefac t ion  w i t h  Iron/Alumina P i l l a r e d  Clay 

Substrate 
(9) 
LSW 

AR = as rece ived  Wyodak 
IEW = 7.0 g AR coal was a c i d  washed and d r i e d  

Cata lys t  S u l f u r  THF-I Heptane-I 
( w t .  %) (9) 
None None 0 a5 

Table 3 

C a t a l y t i c  L iquefac t ion  o f  LSW Intermediate 

Reaction Temp. = 425"C, Reaction Time = 1 h r ,  H, = 1000 ps i  

LSW APC-Fe, 0 . 1  0 70 

LSW PETC 0.10 0 73 

H e p t a n e 4  

15 

30 

2a 
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ACTIVITY OF SLURRY PHASE IRON-BASED CATALYSTS 
FOR HYDROGENATION AND HYDROCRACKING OF MODEL SYSTEMS 

Ying Tang and Christine W. Curtis 
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Auburn University, Alabama 36849-5 127 

INTRODUCTION 

Slurry phase catalysts have been shown to be very active for coal liquefaction. Pellegrino 
and Curtis (1989) compared the activity of three different types of molybdenum catalysts: an 
oil-soluble molybdenum naphthenate, a presulfided molybdenum on alumina, and a precipitated 
MoS, catalyst. The catalyst generated in siru from molybdenum naphthenate was the most active 
in terms of hydrogenation and heteroatom removal as well as showing the highest coal 
conversion and product upgrading. Kim and Curtis (1990) evaluated catalyst precursors of 
molybdenum, nickel, and vanadium for their activity in coprocessing of coal with resid. The 
activity of the molybdenum and nickel precursors for coal conversion and oil production was 
high while that for the vanadium was low. 

Comparisons of the catalytic activities of iron and molybdenum catalysts used in reactions 
of model coal molecules showed that Fe(CO), or Fe(CO),-S had high catalytic activity for 
hydrogenation of aromatic species (Suzuki et al., 1989). However, Mo(CO),-S more strongly 
promoted hydrogenation of polyaromatic compounds as well as hydrogenation of some phenyl 
carbon bonds. The effect of dispersion methods had also been examined using iron catalysts in 
which an iron oxide (FeOOH) precursor was dispersed onto the solid coal matrix (Cugini et al., 
1991). Other iron systems, such as F%03 dispersed on carbon black, iron incorporated into coal 
by impregnating with FeCl, and iron incorporated into lignite by cation exchange with a sulfated 
FGO,, have been used as finely dispersed catalysts for coal liquefaction and characterized by 
Mbssbauer and XAFS spectroscopy (Huffman et al., 1991). 

Finely divided iron 011) oxides and iron oxyhydroxides modified with either (SO:-) or 
molybdate (MOO:-) anions used in coal liquefaction have shown increased coal conversion and 
selectivities to n-pentane soluble products (Pradhan et al., 1991). A bimetallic catalyst, 
Mo/F%O,/SO,~- that consisted of 50 ppm Mo and 3500 ppm Fe, was active for coal conversion 
with a selectivity for oil. The effect of the pyrite to pyrrhotite ratio produced from femc sulfide 
as a precursor on coal liquefaction has also been studied. A definite effect of intermediate 
stoichiometry of the ratio was observed on the selectivity to lighter products at higher 
liquefaction temperatures (Stansberry et al., 1991). 

In this investigation, the effect of slurry phase iron catalysts on hydrogenation and 
hydrocracking reactions of model coal species.was investigated. The areas investigated included 
(1) the effect of iron complex type on hydrogenation of pyrene and on hydrocracking of alkyl 
substituted naphthalenes; (2) the effect 'of different dispersion methods on catalytic activity of 
iron-based slurry catalyst precursors; and (3) the effect of combining iron with molybdenum 
slurry phase catalyst precursors on catalytic activity during the hydrogenation of pyrene. 

163 



EXPERIMENTAL 

The experimental reaction methods used for dispersing the catalyst precursors were (1) 
in siru where the catalyst precursor was added directly to the reaction system and reacted in the 
presence or absence of sulfur; (2) ex situ where the catalyst precursor reacted in the presence 
of the model compound was reclaimed and used in a second reaction and (3) two stages where 
the catalyst precursor was added to hexadecane, hydrogen, and sulfur and reacted for 30 mh, 
then the model spieces was introduced into the reactor along with hydrogen and reacted for 
another 30 min. 

Pyrene Hydrogenation Reactions. Iron sluny phase catalyst precursors were compared 
and utilized the in siru reaction method; molybdenum naphthenate was also used for comparison. 
The iron catalyst obtained in situ was generated by introducing the catalyst precursor at a level 
of 900 to 1100 ppm metal directly into the reaction system of 2 wt% pyrene in hexadecane. The 
reactants were charged into a 20 cm3 stainless steel tubular microreactor and the reactions were 
conducted at 380 or 425°C for 30 or 60 min with a hydrogen pressure of 1250 psig at ambient 
temperature and an agitation rate of 550 rpm. Reactions were performed both with and without 
sulfur. When sulfur was present, it was introduced as elemental sulfur in a stoichiometric ratio 
of 3:l sulfur to metal, presuming that either FeS, or MoS, was formed depending upon the 
precursor introduced. 

The catalysts precursors used in the in siru experiments were iron (III) naphthenate, iron 
011) acetylacetonate, iron (111) citrate hydrate, iron 011) 2-ethylhexanoate, iron GII) stearate, and 
molybdenum naphthenate for comparison. Iron (111) acetylacetonate (99% purity) was obtained 
from Eastman Kodak Company; iron 011) citrate hydrate (98% purity) w p  obtained from 
Aldrich Chemical Company; iron 011) 2sthylhexanoate (8 to 11.5% Fe), iron @I) 
acetylacetonate (99% purity), and iron (111) stearate (9% Fe) were obtained from Strem; and the 
molybdenum naphthenate (6% Mo) was obtained from Shepherd Chemical. All of the catalyst 
precursors were used as received. 

The ex siru catalyst was generated by collecting the catalyst solids produced during an 
in siru reaction and then drying the solids for 72 hours in a vacuum oven at 60°C. The dried 
solids were then introduced into the reactor containing pyrene in hexadecane solution at a level 
of 900-1 100 ppm active metal. Hydrogen was introduced and the reaction was performed at the 
abovementioned conditions. 

Two-stage pyrene hydrogenation reactions were performed by producing the catalyst in 
the first stage using a reaction system of catalyst precursor, excess sulfur, hexadecane, and a 
hydrogen pressure of 1250 psig at ambient temperature. After 30 min of reaction, the reactors 
were removed from the sandbaths, cooled, and then charged with pyrene and 1250 psig 
hydrogen introduced at ambient temperature. The pyrene hydrogenation reaction was then 
performed at 380°C for 30 min. 

An analysis procedure UV-visible spectroscopy was developed for measuring the amount 
of organometallic complex that reacted under liquefaction conditions. The procedure developed 
used the metal complex dissolved in h e x a d m e  as the reaction system. The concentration of 
the iron or molybdenum complex present after a given reaction time was determined by UV- 
visible spectroscopy. Each iron complex had to be dealt with differently in the experimental 
procedure because of their varying degrees of solubility in hexadecane. Iron naphthenate, iron 
2-ethylhexanoate, and molybdenum naphthenate utilized hexadecane as a solvent for W-visible 
spectroscopy. Iron citrate hydrate was dissolved in ethanol for analysis; iron acetylacetonate was 
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extracted with hot water for UV-visible analysis. For each metal complex, a calibration curve 
was developed using the same solvent for UV-visible analysis as was used after reaction. 

The reactions using different amounts of iron and molybdenum complexes involved 
adding the different metal complexes in siru to the 2 wt% pyrene hydrogenation system. These 
experiments were performed at the same conditions as the previously described in situ reactions 
except that the iron and molybdenum complexes were added in weight ratios of 75:25, 5050, 
and 25:75. 

Hydrocracking Reactions. Two compounds were used as hydrocracking models: 1- 
methylnaphthalene and 2-hexylnaphthalene. 1-methylnaphthalene was obtained from Aldrich 
while 2-hexylnaphthalene was obtained from Dr. M. Farcasiu of PETC. The reaction system 
consisted of 2 wt% of the model compound dissolved in hexadecane. Three catalyst precursors 
were tested: iron naphthenate, iron stearate and molybdenum naphthenate; all of which were 
introduced at a level of 900 to 1100 ppm metal directly into the reaction system. Thermal 
baseline experiments were also performed. The reaction conditions were reaction temperatures 
of 380 or 425°C for 30 min with a hydrogen pressure at 1250 psig at ambient temperature and 
an agitation rate of 550 ppm. 

Analysis. The reaction products obtained from the pyrene hydrogenation reactions were 
analyzed by gas chromatography using a Varian Model 3700 gas chromatograph equipped with 
FID detection and J&W DB5 30 m column. Quantitation was achieved by employing the 
internal standard method using p-xylene as the internal standard. The reaction products were 
identified comparing retention times with those of authentic compounds and by identifying 
unknowns by GC-mass spectrometry using VG70 EHF GC-mass spectrometer. 

The product slates were determined for each reaction and the amount of hydrogenation 
of the aromatic determined. The percent hydrogenation is defined as the moles of hydrogen 
required to produce the product slate as a percentage of the moles of hydrogen required to 
produce the most hydrogenated liquid product. The most hydrogenated liquid product from 
naphthalene was considered to be decalin, from pyrene, perhydropyrene, from 1- 
methylnaphthalene, 1-methyldecalin and from 2-hexylnaphthalene, 2-hexyldecalin. Percent 
hydrocracking is defined as the mole percent of the products that have undergone hydrocracking. 

RESULTS AND DISCUSSION 

Pyrene Hydrogenation Reactions. Of the five slurry phase catalysts tested for their 
activity for pyrene hydrogenation, Fe naphthenate (Fe Naph) was the most active while Fe 
stearate (Fe STR) showed equivalent activity at 425°C but lesser activity at 380°C (Table 1). 
Sulfur was required for any activity to be observed from either catalyst. The primary product 
obtained was dihydropyrene (DHP), the secondary products were hexahydropyrene (HHP), and 
small amounts of tetrahydropyrene (THP) were formed. 

Of the other three slurry phase iron catalysts tested with sulfur, Fe AcAc reacted at 
425°C was the only one which showed substantial pyrene hydrogenation of 9.3% and yielded 
the Same products as Fe Naph. All of the other systems with sulfur, Fe citrate-hydrate (Fe CH) 
and Fe 2-ethylhexanoate (Fe 2-EH) showed limited activity for pyrene hydrogenation. 

Reactions were also performed with Mo Naph with and without sulfur at 380 and 425°C 
for 30 min. The presence of sulfur in the reactor allowed the Mo released from Mo Naph to 
form finely divided MoS, which was an active catalyst for pyrene hydrogenation (Kim et al., 
1989). At 380"C, without sulfur, the reaction with Mo Naph yielded 11.7% HYD with DHP 
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as the primary product and THP as the secondary product. At 380"C, with sulfur, the reaction 
with Mo Naph yielded 34.6% HYD of pyrene with HHP isomers being the primary products 
and a substantial amount of decahydropyrene (DCHP) being formed. 

At 425"C, the reaction of Mo Naph without sulfur showed less activity for pyrene 
hydrogenation than did the system with sulfur. Without sulfur the %HYD of pyrene was 
somewhat higher at 13.8% than at 380°C which yielded 11.7%. But the reaction at higher 
temperature, 425"C, with sulfur gave less activity than at 380°C with sulfur. At 425"C, 
thermodynamics are limiting the amount of pyrene conversion allowed and, hence, lower the 
amounts of partially saturated compounds produced in the reaction (Ting et al., 1992). 

Concentration of Iron Complexes at Liquefaction Conditions. The iron complexes 
of Fe-CH, Fe Naph, Fe AcAc, and Fe 2-EH, each with an initial concentration of lo00 ppm Fe, 
were reacted at 380°C with an initial hydrogen charge of 1250 psig hydrogen introduced at 
ambient temperature. The concentration of each iron complex was determined by measuring the 
absorbance at two wavelengths and comparing the absorbance reading with a calibration curve 
for each complex obtained with the same solvent as was used with the reac-tion mixture. Each 
of the iron complexes disappeared very quickly at liquefaction conditions. After 5 min of 
reaction, all of the iron complexes were decomposed; in fact, all of them except Fe Naph were 
decomposed after 2 min of reaction. By contrast, Mo Naph remained in solution longer; after 
10 min of reaction, more than half of the Mo Naph remained. However, Mo Naph had totally 
decomposed after 15 min of reaction. 

Comparison of Dispersion Methods for Activity of Fe Slurry Phase Catalysts. Three 
methods of dispersion in situ, ex situ, and two stage batch processing were used to test the effect 
of dispersion on the catalytic activity of the generated catalysts (Table 2). Comparison of Fe 
Naph and Mo Naph activity for pyrene hydrogenation using the in situ method revealed that Mo 
Naph resulted in nearly three times as much hydrogenation as Fe Naph. HHP was the primary 
product for Mo Naph while DHP was the primary product for Fe Naph. The ex situ method, 
in which the catalyst produced in an in situ experiment was added to pyrene hydrogenation 
reaction syskn, resulted in less activity for both Fe Naph and Mo Naph. Fe Naph did not 
convert any pyrene while Mo Naph yielded about half the amount of hydrogenation observed 
in the in situ reaction. 

Two-stage batch reactions were performed in which the catalyst precursor was introduced 
into hexadecane in the first stage and then reacted in the presence of sulfur and hydrogen for 
30 min at 380°C. At that point, the reaction was quenched, gas released and pyrene and a new 
charge of hydrogen added. The system, including pyrene, was then reacted again for 30 min. 
The two-stage reaction with Fe Naph yielded about 6% conversion of pyrene to DHP so that its 
activity was much less than that of the in siru generated catalyst. By contrast, the two-stage 
reaction with Mo Naph yielded higher pyrene hydrogenation, 40% for the two-stage compared 
34.6% for the in situ single-stage. Hence, the catalytic activity of Mo Naph appeared to 
increase with the two-stage treatment while Fe Naph did not.. 

Effect of Combining Iron Complexes with Mo Naphthenate on the Reaction Products 
from Fyrene Hydrogenation. Reactions were performed in which the catalyst precursors of 
the various iron complexes were combined with Mo Naph to determine if any synergism 
occurred in their catalytic activity for pyrene hydrogenation (Figure 1). Reactions were 
performed with loo0 ppm of the iron complex, lo00 ppm of Mo Naph, and with the 
combinations of 750 ppm iron complex with 250 ppm Mo Naph, 500 ppm with 500 ppm, and 
250 with 750 ppm, respectively. 

. 
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I 
The combination of Fe Naph and Mo Naph at 75:25 and 50:50 Fe to Mo ratio yielded 

increased pyrene hydrogenation compared to either Mo Naph or Fe Naph alone. These results 
are presented in Figure 1 along with baseline experiments using Fe Naph and Mo Naph, 
individually. With Fe AcAc and Fe CH, each combined with Mo Naph, increased pyrene 
hydrogenation was observed at the combination of 255'5 Fe to Mo compared to the Mo Naph 
alone. By contrast, none of the combinations of Fe 2-EH with Mo Naph yielded increased 
conversions. In fact, the amount of pyrene hydrogenation increased with the amount of Mo Naph 
added; however, the amount of pyrene hydrogenation was less with Fe 2-EH than with Mo Naph 
alone at equivalent concentration levels. Therefore, for some combinations of Fe complexes and 
Mo Naph, synergism between the two catalyst precursors occurred resulting in increased pyrene 
hydrogenation, while another iron complex was detrimental to pyrene hydrogenation. 

Hydrocracking Reactions Using Fe Naphthenate and Fe Stearate. Hydrocracking 
reactions using 1-methylnaphthalene (1-MN) and 2-hexylnaphthalene (2-HN) were performed 
using Fe Naph and Fe STR. The product distributions obtained with these reactions were 
compared to that obtained with naphthalene (NAP) (Table 3). The primary products obtained 
from 1-MN as shown in Table 3 were 5,6,7,8-tetrahydro-l-methylnaphthalene (5,6,7,8-1-MN) 
and 1,2,3,4-tetrahydro-l-methylnaphthalene (1,2,3,4-l-MN). For all catalysts the 5,6,7,8-1-MN 
isomer was the preferred product. At the higher reaction temperature, both iron complexes 
yielded NAP as a secondary product. If 1-methyldecalin is considered the most hydrogenated 
product, then the iron complexes both yielded between 6 and 7% hydrogenation of 1-MN but 
less than 3% hydrocracking. By contrast, Mo Naph yielded substantially more hydrogenation 
of -26% but no hydrocracking. The baseline reaction using NAP only yielded tetralin (TET) as 
a product. No hydrocracking of the aromatic rings was obtained. 

The reactions of 2-HN also given in Table 3 in the presence of Fe Naph, Fe STR and 
Mo Naph resulted in the production of two products: 2-hexyltetralin (2-HT) and 2ethyltetralin 
(2-ET). For all three catalyst precursors, 2-HT was the primary product while 2-ET was the 
secondary product. Of all of the catalyst precursors, Mo Naph yielded the most hydrogenation 
and hydrocracking. 

SUMMARY 

Slurry phase iron catalysts showed varying amounts of activity for pyrene hydrogenation 
reactions. Fe naphthenate and Fe stearate were the most active complexes although all of the 
Fe complexes broke down quickly at liquefaction conditions. By comparison, at the Same 
reaction conditions, Mo naphthenate gave higher activity for pyrene hydrogenation. The activity 
of the slurry phase iron catalysts for pyrene hydrogenation depended upon the ligand type, 
reaction temperature and sulfur addition. The dispersion method also made a substantial 
difference in the activity of the catalyst. Fe naphthenate yielded the most activity using the in 
situ dispersion method and the least using the ex siru method. By contrast, Mo naphthenate 
showed the most activity with the two-stage process and the least with the ex situ method. 
Combination of some iron complexes with Mo naphthenate showed marked increases in activity 
for pyrene hydrogenation. In particular, the combination of Fe naphthenate with Mo 
naphthenate yielded increased yields of hydrogenated products from pyrene. Hydrocracking 
reactions revealed that the iron complexes promoted a small amount of hydrocracking with 1- 
methylnaphthalene and more with 2-hexylnaphthalene although Mo naphthenate promoted more 
hydrocracking of 2-hexylnaphthalene at equivalent reaction conditions. 
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NOMENCLATURE 

PYR = pyrene 
DHP = dihydropyrene 
THP = tetrahydropyrene 
HHP = hexahydropyrene 2-HN 
DCHP = decahydropyrene 2-HT 
1-MN = 1-methylnaphthalene 2-ET 
NAP = naphthalene 1,2,3,4. 

Fe Naph = iron naphthenate 5,6,7,8. 
TET = tetralin 

Fe AcAc = iron acetylacetonate 
Fe CH = iron citrate hydrate %HYD 

Fe STR = iron stearate 
Fe 2-EH = iron 2-ethylhexanoate 
Mo Naph = molybdemumnaphthenate 

= 2-hexylnaphthalene 
= 2-hexyltetralin 
= 2-ethyltetralin 

-MN = 1,2,3,4-tetrahydro-l- 
methylnaphthalene 

-MN = 5,6,7,8-tetrahydro-1- 
methylnaphthalene 

= percent hydrogenation 
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Table 3. Comparison of the Activity for the Hydrogenation and 
Hydrocracking of Naphthalene, 1-Methylnaphthalene, and 2-Hexylnaphthalene 

% HYD I 0.0 1 5.8 i0 .1  I 6 . 4 i 0 . 1  I II 
1 -Methylnaphthalene 

1-MN 1oO1tO.O 62.3f1.0 S l . l f 0 . 6  35.5f0.6 

5.6.7,s-1- 0.0 11.9i1.0 10.8i0.5 39.2k0.8 
MN 

3 .6 i0 .4  

2 .2 i0 .3  

% HYD 6.3f0.4 

loO.OiO.O 70 .4 i1 .2  

16.5f1.2 

13.lf0.9 

I H Y D  14.8f0.7 

IHYC 13.1i0.9 

Reaction Conditions: 1250 psig H2 introduced at ambient temperature; 30 minutes, 
425OC, S to Fe ratio 3:1, S to Mo ratio 3:l. 
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Abstract 

Catalytic reactions on solid contacts involve the exchange of charges across the solid/gas interfaces. 
Charge Distribution Analysis (CDA) is a new technique, capable of determining the generation of 
mobile charges in the bulk of materials and their appearance at the surface. By measuring the force 
acting on a sample in an electric field gradient, CDA derives unique information previously not 
available by any other technique. We have studied pressed pellets of two iron oxide catalysts supplied 
by the DOE Pittsburgh Energy Technology Center. a-Fe2& (hematite), heated in 02. behaves as a 
regular dielectric up to 450OC. The weakly negative surface charge indicates that electrons are the 
majority charge carriers. In Fe304 (magnetite), heated in N2, the surface is also weakly negative at 
ambient temperature, but evolves toward strongly positive values above 230°C. Upon cooling from 
350OC this positive surface charge is f m l y  established, suggesting that defect electrons or holes have 
become the majority charge carriers. The trend toward positive surface charge continues up to 41OoC 
when the composition of the magnetite sample starts to change. Between 275410°C the magnetite is 
catalytically highly active toward dealkylation of 6-methyl-9-(l-methylethyl) dibenzo thiophene-4-01, 
The fact that the catalytic activity toward dealkylation coincides with the appearance of a positive 
surface charge suggests that the active magnetite surface acts as an electron acceptor. 

INTRODUCTION 

Whenever chemical reactions occur, they involve the transfer of electrical charges between reacting 
partners. When one of the partners is a solid and the reaction occurs catalytically at its surface, the on- 
set of reactivity will be marked by the appearance of charge carriers in the bulk of the catalyst and their 
diffusive tramport toward the active surface. 

In principle, the appearance of charge caniers should be amenable to electrical conductivity measure- 
ments. However, conventional conductivity techniques require electrodes that are in direct contact 
with the sample surface. Obviously, this can cause many problems. If the electrode-sample contacts 
are good, the surfaces are no longer free and unperturbed. In the case of high surface area samples 
good physical contacts are impossible to establish. It is therefore fair to say that conventional electrical 
conductivity techniques appear not to be well suited to study catalytic reactivity -unless a method can 
be developed which allows contact-free measurement of the electrical conductivity. 

Work supported by the ACS-Petroleum Research Fund under Grant #24335-AC5, the DOE 
Pittsburgh Energy Technology Center, and the NASA Ames Research Center. 
Mailing address: NASA Ames Research Center, MS 2394, Moffett Field, CA 94035-1000 * 
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CHARGE DISTRIBUTION ANALYSIS - A POWERFUL NEW TECHNIQUE 

Charge Distriburion Analysis (CDA) is a non-contacting technique that allows conductivity 
measurements of insulating and semiconducting materials under minimum perturbation conditions I-'. 

CDA is based on the 'dielectric polarization at the limit of 0 Hertz. When a dielectric is placed in an 
extend electric field of field strength Eext it becomes polarized. Its polarization P is: 

p = Eo(E-1) Eext 
4x 

where is the permitivity of vacuum and E the dielectric constant. P contains five contributions. Pel + 
Pion + €'local + Pspace + Pswface, of which the first two refer to the ideal dielectric. Pel reflects the 
electronic polarization of the electronic shells and Pion the ionic polarization due to the field-induced 
atom displacement. The remaining three contributions arise from defects and impurities. Plocal 
reflects local defects that change their intrinsic polarizability or dipolar defects that can rotate in the 
extemally applied electric field. PsPe arises from the space charge polarization due to mobile charges 
that can diffuse inside rhe sample. Psurface is uniquely related to the surface charge. 

When a dielectric is placed in a field gradient along the z direction. a force 
towards higher field density. Using Maxwell's equations, e is given to first approximation by: 

acts on the sample 

F: = - JV(P.Eext)dV (2) 
v 

where the volume integral includes the sample but not the sources of the field. In the case of an ideal 
dielectric (only Pel and pion) = Ft(Eext) = 
FL(-Eext). In a real dielectric the contributions from Plocal and Pspace also remain invariant. 
However, the Ps,lfact: term is variant to field gradient reversal. It causes an attraction to or repulsion 
from the region of higher field density, depending upon the sign of the surface charge. To separate 
(Pel + Pion + Plocal + Pspace) from Psurface we form the linear combinations: 

is invariant to the direction of the field gradient: 

(4) 
1 FA E T (F- - F+) = - V(Psurface.Eext)dV. 

v 
To evaluate Psurface. we introduce a@ where Q is a constant: 

~ f l  describes the ideal dielectric and the 6 are constants. FZ and FA are then given as: 
F* = F: + aku2 ( 5 )  

(6) 

(7) 
Fx characterizes the bulk polarization and is sensitive to the generation of mobile charges. Fz is 
propoltional to the square of the applied voltage. FA characterizes the surface, its charge density and 
the internal electric field. FA is linearly proportional to the applied voltage and its sign identifies the 
sign of the charge carriers, Tor instance electrons (negative) or holes (positive) that may be present in 
the catalyst sample. Fx and FA provide unique information about fundamental properties such as the 
on-set of chemical reactivity of a catalyst that is not available by any other known technique. 

F~ = +(F;+F;) + +(a+a+)u2 

FA = ;(F;-F~) + f ( a - a + ) u ~  
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EXPERIMENTAL 

A PERKIN-ELMER TGS-2 thennobalance, equipped with a cup-shaped F't-wound furnace (10 mm 
i.d. x 20 mm), was modified by the introduction of a circular bias electrode and a cylindrical ground 
electrode to create an asymmetrical capacitor of axial symmetry. The samples were suspended via a 
fused silica fiber, well insulated from ground, and placed into the region of the steepest electric field 
gradient, approximately 0.1-0.5 nun above the bias electrode. They were heated in 25°C increments. 
using a heating rate of 2OoC/min. During the time at constant temperature the bias voltages were applied 
sequentially for 10-20 sec in increments of +20 V, 0 V and -2OV. The forces were recorded as 
apparent weight changes in the sensitivity range 0.1-1 mg full scale. 

The samples studied were coarse powders of a-FezOg (hematite), labeled Catalyst #7. and Feg04 
(magnetite), which were both prepared by Dr. Malvina Farcasiu of the DOE Pittsburgh Energy 
Technology Center. The average grain size of the magnetite was 5 pm and its specific surface area 
was of the order of 7 m2/g. Both powders were pressed dry into 6 mm diameter pellets, about 1.5 mm 
thick. The hematite was dried in N2 at 15OOC. heated in 0 2  to 410°C. cooled to 38OOC and reheated to 
560'C. The magnetite was dried in N2 to 15OoC, then heated to 35OOC ("2nd heating"). It was then 
cooled to 150°C and reheated to 500°C in N2 with intermittent cooling from 4oooC to 300OC and 450°C 
to 350°C ("3rd heating"). 

RESULTS 

Fx of the hematite sample increased slightly and approximately linearly with temperature up to 5W"C 
as shown in Fig. la. This suggests that up to 500'C. the sample behaved as a near-ideal insulator. 
Above 500°C. the Fz increased significantly, indicating that mobile charge carriers are being 
generated. FA was negative over the entire temperature range as shown in Fig. lb, indicating that the 
surface charge of the hematite is dominated by electrons. A slight tendency towards positive FA 
values was noted after the intermittent cooling from 410T to 380°C which, however, was overtaken 
by an even stronger trend towards negative FA values above 450°C. In conjunction with the 
pronounced increase in Fx above 500°C this response clearly suggests that the mobile charge carriers 
generated in the hematite above 450012 are electrons. 

The magnetite exhibited a distinctly different behavior. As shown in Fig. 2a. the Fz values during 
the 2nd heating increased linearly with a lesser slope up to 230'C than above 230OC. This suggests the 
appearance of mobile charge carriers in the higher temperature range. During the 2nd heating, FA was 
initially very slightly negative and showed a trend towards more negative values up to 23OOC as 
evidenced by Fig. 2b. Above 230°C, however. the trend reversed towards positive FA values. 

After cooling to 15OOC and subsequent reheating (3rd heating) Fx increased linearly from 230°C 
onward up to about 450°C with the same slope as during the 2nd heating as shown in Fig. 3a. 
During intermittent cooling and reheating cycles the Fr values were found to be successively higher, 
indicating that mobile charge had been generated during the heating cycles which did not disappear or 
recombine during cooling. Above 45OOC. Fx increased more rapidly, but at the same time, the 
magnetite sample started to lose weight, probably due to changes in composition in the unbuffered N2 
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atmosphere. Experimentally this is seen in the fact that Fz is no longer proportional to the square of 
the applied bias voltage. 

FA remained positive during the 3rd heating as shown in Fig. 3b. Only at low bias voltage (20V) did 
FA still show the same trend towards negative values up to 230°C. followed by an evolution toward 
positive values. At the higher bias voltages the trend was towards positive values. During intermittent 
cooling up to about 4 1 0 T  the positive FA values were further enhanced, indicating that the mobile 
charge carriers generated in the temperature interval 230-410"C have a positive sign. This in turn 
suggests that they are defect electrons or holes. The magnitude of FA, about 10% of Fz, indicates that 
the charge carrier density at the magnetite surface is rather high. However, quantitative data can be 
obtained only from single crystals, not from a pressed powder sample 1. Above 41OOC FA showed 
signs of degradation. Experimentally this is seen in the fact that FA was no longer linearly 
proportional to the applied bias voltage. 

DISCUSSION 

The magnetite under study is active toward the dealkylation of 6-methyl-9-(l-methylethyl) dibenzo 
thiophene-4-01 in the presence of a hydrogen donor. In spite of its large average grain size (5 pm 
diameter, 7 m*/g specific surface area), its catalytic activity is very high as illustrated in Fig. 4. The 
FA values shown (left ordinate) correspond to those measured during 2nd heating at IOOV while the 
percentage dealkylation was achieved after 1 hour (right ordinate) using 25 mg catalyst and 25 mg 6- 
methyl-9-(l-methylethyl) dibenzo thiophene-4-01. Trial runs performed by Dr. Farcasiu for 5 hrs at 
150°C and 210T did not produce an measurable dealkylation. Though we are still at an early stage of 
the investigation it appears that the catalytic activity of the magnetite may be directly related to the 
appearance of mobile charge carriers at its surface. The positive charge of the carriers identifies them 
as defect electrons or holes. Hence, the magnetite surface is expected to act as an electron acceptor. 

Obviously, the holes are produced in the bulk of the magnetite crystals and diffuse to the surface where 
they become available for surface-gas reactions. To achieve the high turn-over number required for 
the observed degree of dealkylation. a large number of holes must flow from the bulk to the surface. 
By performing time-dependent CDA experiments it should also be possible in the future to measure 
the diffusive mobility of these active charges. Such measurements are of interest, if one tries to 
correlate the rate of a catalytic reaction with the density of charges at the solid surfaces. 

On the basis of the data so far available, the CDA technique seems to be a promising tool to evaluate 
the activity of catalysts and to obtain valuable information about the nature of the charge carriers which 
paaicipate in or are instrumental for Catalytic reactions 3. 
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response is typical for a near-ideal dielectric up to about 500OC. Throughout 
the temperature range studied. the dominant charge carriers are electrons. 

116 



h 

0 
F Y 

0.05 - 

- 
E 
0 0.00- 

z 
c. E 

E 
r- 

-0.05- 

10 

8 

6 

4 

2 

0 
0 1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  

Temperature ["C] 

1 a e 
0 -0.10 
U 

1ov 
20v 
30V 
4ov 

60V 

80V 

i o o v  

in Nitrogen 

-0.15 . . . I . .  . 1 . .  . I . .  . I . .  . 
0 1 0 0  2 0 0  3 0 0  4 0 0  5 

Temperature ["C] 

Fig. 2alb: Fx (top) and FA (bottom) of magnetite heated in N2. The CDA response 
suggests that. while electrons are the predominant charge carriers below 23OoC, 
defect electrons or holes start to dominate at the higher temperatures. 
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ABSTRACT 

Using a recently fabricated in-situ high pressurehigh temperature electron spin resonance 
(ESR) apparatus, we report the variations of the ESR parameters of free radicals (density N, 
linewidth AH b d  g-value) in the hydrogenation of Blind Canyon coal at 440'C and 415'C and 
as a function of H2 pressure up to 600 psi. More efficient hydrogenation is observed at 4 4 0 T  
as the decrease in N with H2 pressure is much higher at 440°C than at 415'C. A corresponding 
decrease in AH with H2 pressure is also observed. Similar experiments but with loadings of 
Fe203/S04 catalyst, elemental sulfur and hydrogen donor 9-10 dihydrophenanthrene are now 
being carried out. 

SUMMARY OF RESULTSPROCEDURES 

It is now generally accepted that w t  coal liquefaction involves the interaction of 
thermally/catalytically generated free radicals in coals with the available hydrogen [1,2]. Some 
of these free radicals can be detected by in-situ elecwon spin resonance (ESR) spectroscopy. 
Recently we have fabricated a high pressure/high temperature in-situ ESR cavity system in 
order to investigate the free radical chemistry of direct coal liquefaction under more realistic 
conditions used in coal liquefaction experiments [3]. Experiments have been carried out from 
ambient to 500°C and for gaseous pressures up to 600 psi at X-band frequencies (-9 GHz). 
The density N of the free radicals and their g-values g and linewidth AH are measured as a 
function of temperature and pressure. The experimental procedures for measuring these 
quantities have been described in a recent paper [4]. . 

In Fig. 1, we show the variation of the free radical density N in Blind Canyon coal as a 
function of Hz pressure. at two temperatures viz. 415OC and 440°C. The decrease in the free 
radical density with H2 pressure. signifies hydrogenation since capture of H2 by free radicals 
quenches them and makes them undetectable by ESR. Comparing the results at 440°C with 
those at 415'C shows that hydrogenation is considerably more efficient at 440°C than at 415°C 
since considerably larger decrease in N with H2 pressure is observed at 440OC. The 
significance of these results is that these experiments are providing a direct evidence for the 
process of hydrogenation. 

The variation of the g-value and the linewidth AH of the free radicals with H2 pressure is 
shown in Fig. 2 for the experiments at 440°C. Whereas the g-value is essentially independent 
of H2 pressure, the linewidth decreases as the HZ pressure increases. The g-value, in 
favorable circumstances, can provide some information on the nature of the free radicals. 
However since there is no change in the observed g-value with H2 pressure (Fig. 2). no 
additional information on the chemical nature of free radicals is readily apparent from this 
experiment. The observed decrease in the linewidth with H2 pressure may be related to the 
decrease in the free radical density with Hz pressure observed in Fig. 1. 

To simulate the conditions used in direct coal liquefaction, experiments are now underway in 
which the Blind Canyon coal is successively loaded with the catalyst (e.g. Fe203/S04), 
elemental sulfur, and the hydrogen donor 9-10 dihydrophenanthrene (DHP). Free radical ESR 
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parameters are then monitored as a function of temperature in flowing H2 gas snd at fixed 
temperature as a function of H2 pressure. In Fig. 3, we show one set of such results in 
flowing H2 gas in which N vs T i s  plotted for the Blind Canyon coal, and for the coal loaded 
with Fe20gS04 and sulfur, and coal loaded with Fe203/S04, sulfur and DHP. The loading 
by weight was in the ratio coal: Fe203/SO4:sulfurDHP = 100:1.44:2.02200. These loadings 
are. chosen so as to give the ratios Fe/coal = 1/99 (-1 %), Fe/S = In, coal/DHP = 1/2. These 
preliminary results in Fig. 3 show that the catalyst and sulfur promote cracking since N is 
higher compared to the unloaded coal at all temperatures. With loading of DHP, magnitude of 
N is lowered as compared to the unloaded coal for temperatures below 260’C. Above this 
temperature, N values with DHP loading are essentially identical to the coal +catalyst + sulfur 
case as if the DHP is no longer present. To verify this, we carried out a thermogravimemc 
experiment on DHP in flowing H2 gas. ’his experiment showed that by 290°C all DHP is 
evaporated, confirming the above argument. The lower values of N below 260°C in DHP are 
simply due to hydrogenation since it is well known that hydrogenation caps the free radicals, at 
least some of them. Experiments are now in progress under H2 pressures up to 600 psi to 
simulate direct liquefaction conditions. Under H2 pressures, evaporation of DHP at lower 
temperatures should be suppressed. Results of these experiments will be reported elsewhere in 
the near future. 
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